Age-related macular degeneration (AMD) is the leading cause of blindness among the elderly population in developed countries[@b1]. Early signs of AMD are characterized by drusen, small extracellular deposits between the retinal pigment epithelium (RPE) and the inner collagenous layer of Bruch\'s membrane, or by pigment abnormalities in the RPE in the macula[@b1]. Although visual symptoms are generally inconspicuous in the early stages of AMD[@b2], the presence of early signs is highly associated with the progression to advanced AMD, in which visual function is severely damaged[@b3]. Because the treatment options for advanced AMD is still limited and the associated economic burden is increasing[@b4], studying and preventing disease progression during the early stages of AMD are of increasing importance.

Age, smoking, and mutations in several genes are the most consistently identified risk factors for AMD[@b1]. These associations have been confirmed in populations across the globe, including Western and Asian countries[@b5][@b6][@b7][@b8][@b9]. To date, various other factors have been suggested to increase the risk of AMD[@b10][@b11][@b12][@b13]. However, the evidence and strength of these associations remain controversial[@b14][@b15][@b16]. The pathophysiology of AMD is still poorly understood and considered to be a constellation of diseases of varying etiologies.

Identifying the "true" risk factors for complex diseases such as AMD is a daunting task because multiple factors, including systemic, environmental, and genetic factors, contribute to disease liability with a small effect size. In fact, by analyzing a large number of subjects, recent genetic studies for complex diseases revealed several loci with smaller effect sizes, such as odds ratios (ORs) of 1.08--1.16[@b17]. To identify risk factors of complex disease and to determine the significance of each factor, a simultaneous analysis of multiple factors using a large number of subjects is necessary. In the present study, we sought to simultaneously investigate multiple risk factors for large drusen, an important early sign of AMD that has been shown in many longitudinal studies to be predictive of incident AMD advanced[@b3][@b18], using a relatively large number of Japanese adults.

Results
=======

Multivariate analysis for drusen
--------------------------------

The distributions of predominant characteristics according to 971 large drusen cases and 3,209 controls are shown in [Table 1](#t1){ref-type="table"}. Study cases were significantly older than controls (65.1 ± 5.9 and 61.7 ± 6.5 years, respectively; *P* \< 0.001). In the genetic analyses, a significant association was found between *ARMS2* A69S (rs10490924) and drusen; the frequency of the minor allele T, which is known as a risk allele for developing advanced AMD, was significantly higher in cases than in controls (*P* \< 0.001). Conversely, *CFH* Y402H (rs1061170) and *CFH* I62V (rs800292) did not show a significant association with drusen (*P* \> 0.05).

Each subject was tested for 65 factors, including 60 systemic factors, smoking status, Brinkman index, and the genetic factors *ARMS2* A69S, *CFH* Y402H, and *CFH* I62V ([Table S1](#s1){ref-type="supplementary-material"}). After excluding two correlated variables (e.g., *C. pneumoniae* IgA and C-telopeptides crosslinks in lieu of the *C. pneumoniae* IgG and N-telopeptides crosslinks, respectively), 63 systemic factors were compared between cases and controls using univariate analyses. With this screening, a total of 29 factors, including age, systolic blood pressure, and genetic factors *ARMS2* A69S and *CFH* I62V, showed a potential association with drusen (*P* \< 0.25; [Table S2](#s1){ref-type="supplementary-material"}). Stepwise selection using a backward-elimination approach was performed for the 29 factors after adding five more previously reported AMD risk factors (BMI[@b11], HDL cholesterol[@b12], hs-CRP[@b13], smoking status, and *CFH* Y402H genotype). [Table 2](#t2){ref-type="table"} summarizes the final multivariate analysis of all candidate predictor variables selected by stepwise analysis. Of the nine candidates, seven showed a significant association with drusen (*P* \< 0.05): age, *ARMS2* A69S genotype, serum calcium, HDL cholesterol, α1-antitrypsin (AAT), hs-CRP, and *C.* *pneumoniae* IgG. [Figure 1](#f1){ref-type="fig"} shows the relative strength of each significant factor for drusen. We found that four of seven factors have a strong effect on the development of drusen: serum calcium level (OR 0.932, 95% confidential interval \[CI\] 0.894--0.972), *ARMS2* A69S (rs10490924) genotype (OR 1.046, 95%CI 1.025--1.069), *C.* *pneumoniae* IgG (OR 1.020, 95%CI 1.001--1.040), and age (OR 1.013, 95%CI 1.011--1.015).

Calcium level distribution and *C. pneumoniae* infection
--------------------------------------------------------

Serum calcium levels in drusen cases were significantly lower than controls (9.05 and 9.11 mg/dL, respectively; *P* \< 0.001). When applying the normal range of serum calcium (8.6--10.3 mg/dL), hypocalcemia (calcium level \<8.6 mg/dL) was more frequent in the large drusen cases than in controls; 7.2% in drusen cases and 5.5% in controls, respectively (*P* = 0.0490; [Table 3](#t3){ref-type="table"}).

*C. pneumoniae* IgG levels were significantly elevated in drusen cases compared with controls (1.30 and 1.23, respectively; *P* \< 0.001). We also confirmed a higher frequency of *C. pneumoniae* infections in drusen cases (56.4%) compared with controls (51.7%; *P* = 0.00956) by measuring serum reactivity according to the standard cutoff index for the IgG titer: \<0.9, negative; 0.9 to 1.1, equivocal; and \>1.1, positive ([Table 3](#t3){ref-type="table"}).

Discussion
==========

With multivariate analysis considering 65 variables that include previously suggested AMD risk factors of systemic[@b10][@b11][@b12][@b13], genetic[@b7][@b19][@b20], and environmental factors, we found a strong effect of serum calcium level, *ARMS2* A69S genotype, age, and *C.* *pneumonia* infection on the development of drusen. While *ARMS2* genotype, age, *C.* *pneumonia* infection have previously been reported to be associated with AMD[@b1][@b21][@b22][@b23], no study has reported the association between serum calcium level and AMD. Serum calcium levels are under tight hormonal control with a normal range of 8.6--10.3 mg/dL. Calcium plays a key role in membrane potential, which is important for muscle contraction, heart rate regulation, and nerve impulse generation. Hypocalcemia is caused by loss of calcium from, for example, renal failure, or insufficient entry of calcium into the circulation, due to hypoparathyroidism, magnesium depletion, etc. In the present study, we found that hypocalcemia was more frequent in large drusen cases than in controls (*P* = 0.0490). The reason for the association between low calcium level and AMD is not clear; however, the presence of calcium in drusen has been known as early as 1987 by using classic freeze-fracture and scanning electron microscope based elemental analysis[@b24]. Moreover, a recent study showed that calcium is present in very high concentration in drusen[@b25]. It has also been reported that basal ganglia calcification often occurs in idiopathic hypoparathyroidism patients and is correlated with hypocalcemia, choroid plexus calcification, and cataracts[@b26]. Although further studies are required, similar disease processes may affect calcification of the subretinal space, leading to the development of drusen, and a central nervous system with poor calcium control.

In the present study, we confirmed the association of age, *ARMS2* A69S genotype, HDL cholesterol, and hs-CRP levels with drusen, which were previously suggested as AMD risk factors[@b1][@b12][@b13][@b19]. However, multivariate analysis revealed that the effect size of hs-CRP and HDL cholesterol for drusen development was quite small ([Fig. 1](#f1){ref-type="fig"}). These results are not surprising because several population-based cohort studies showed a lack of association between these factors and AMD[@b14][@b15][@b16]. Similarly, although α1-antitrypsin showed a potential association for drusen, the effect of this factor on disease development was limited (OR = 1.001).

*C. pneumonia* exposure has been suggested to be associated with AMD[@b21][@b22][@b23]. Kalayoglu et al reported that *C. pneumoniae* DNA was identified in surgically removed neovascular tissue from eyes with AMD[@b27], but other studies, including a population-based study examining 3,654 adults, failed to find any association between *C. pneumoniae* antibody titers and AMD, thereby generating controversy[@b28][@b29][@b30][@b31]. However, in the present study assessing 60+ factors in 4,000+ adults, we found a strong effect of *C. pneumoniae* infection on drusen. To date, there is a consensus that the *CFH* gene is associated with advanced AMD[@b7][@b20]. CFH is known as the main soluble inhibitor of the alternative pathway, which prevents progression of the cascade by binding and inactivating complement component C3b[@b32]. Several complement system factors, their activators, and complement regulatory proteins were identified as cardinal constituents of drusen[@b8][@b33] although the association between the *CFH* and early AMD remains controversial[@b34][@b35]. *C. pneumoniae* activates the alternative complement pathway or induces a chronic inflammatory state, which might contribute to the pathogenesis of AMD[@b21][@b22][@b23]. The present study, which showed a significant relationship between *C. pneumoniae* and the development of drusen, would indicate the significant role of the complement pathway in the inflammatory process with the disease development. On the other hand, we did not find strong associations between *CFH* genotypes and drusen. Taken together, our result would suggest that the activation of the alternative complement pathway by *C. pneumoniae* might be more important than that by *CFH* gene variation in the early stages of AMD in Asians.

Limitations of the present study include its cross-sectional design. In the present study, the role of previously suggested AMD risk factors, such as blood pressure[@b10], BMI[@b11], HDL cholesterol[@b12], and hs-CRP[@b13], were found to be limited. Also, we found no significant association between smoking and large drusen although Brinkman index of the large drusen group tended to be higher than that of controls (187.2 vs 173.2). These associations should be studied in a prospective study that evaluates multiple risk factors in AMD. Another limitation might be potential bias related to the high female to male ratio of the study subjects. However, a potential confounder in gender would be limited because a logistic regression analysis adjusting for gender was used in the present study. Further limitation is the lack of identifying a functional role of calcium in AMD. Although it is reported that calcium is present in very high concentration in drusen[@b25], there might be subretinal deposits without calcification that are currently called "drusen" by fundoscopy. Also, it remains unknown if low calcium intake can be the risk of the development of drusen. Following basic and clinical research investigating the role of calcium in AMD is therefore needed.

In summary, by simultaneous evaluation of multiple factors including systemic, environmental, and genetic factors, we found a strong association between serum calcium level, *ARMS2* A69S genotype, age, and *C.* *pneumonia* infection and the development of drusen. Our findings suggest a significant role for these factors during the early course of AMD.

Methods
=======

The Nagahama Study Population
-----------------------------

Participants were part of a study that was ancillary to the Nagahama Study, the details of which have been reported elsewhere[@b6]. The Nagahama Study is a community-based prospective cohort study designed to determine the prevalence and risk factors of various diseases in a community. Between November 2008 and November 2010, a total of 6,118 residents of Nagahama City aged ≥50 years participated in the Nagahama Study. All protocols and informed consent procedures were approved by the Kyoto University Graduate School and Faculty of Medicine Ethics Committee, the Ad Hoc Review Board of the Nagahama Cohort Project, and the Nagahama Municipal Review Board of Personal Information Protection. This study was carried out in accordance with the approved guidelines.

At baseline, all participants were asked to undergo eye examinations including automatic refractometry (Autorefractor ARK-530; Nidek Co Ltd, Aichi, Japan), axial length measurements (IOL Master; Carl Zeiss AG, Oberkochen, Germany), and fundus photography using a digital retinal camera (CR-DG10; Canon Inc., Tokyo, Japan) in a darkened room. All study subjects (n = 5,595) satisfied the following criteria: (a) age ≥50 years; (b) nonmydriatic fundus photographs for both eyes of sufficient quality for grading lesions; and (c) no other retinal diseases that would affect the precise grading of a macular lesion (such as diabetic retinopathy, retinal vein occlusion, or epiretinal membranes)[@b6]. Each fundus photograph was graded twice by two independent ophthalmologists for phenotypes of AMD through standardized grading procedures[@b3][@b6]. For the sake of multivariate analysis, we selected cases and controls from the study subjects. Based on the grading procedure, 971 individuals who had a large drusen (soft distinct and soft indistinct drusen ≥125 µm in diameter) in either eye were included as the study cases[@b36][@b37]. As controls, 3,209 individuals lacking any sign of AMD (drusen, retinal pigment epithelial abnormalities, or advanced AMD) in both eyes were selected. Twenty-nine cases with advanced AMD and a total of 1,386 individuals, including 276 with pigment epithelial abnormalities only and 1,110 with drusen less than 125 µm in diameter or reticular pseudodrusen, were excluded from the analysis.

Systemic Factor Analysis
------------------------

A total of 60 systemic factors, including physical examination, hematological tests, biochemical tests, urinalysis, immunological tests, endocrinological tests, and allergy tests, were analyzed in each subject ([Table S1](#s1){ref-type="supplementary-material"}). Blood and urine collection and processing were performed according to a standard protocol (XE-2100 hematology analyzer; Sysmex Co Ltd, Hyogo, Japan and LABOSPECT 008 Hitachi automatic analyzer; Hitachi Ltd, Tokyo, Japan). When the result exceeded the detection range, it was examined using a dilution test. The results of allergy tests were categorized as class 0 to 6 (class 0 = no allergy and class 6 = severe allergy) in a standard manner. To assess the environmental effect, information on smoking status was obtained via a self-report questionnaire. Total smoking amount was ascertained using the Brinkman index[@b38], calculated as the daily number of cigarettes × years of smoking.

Genotyping
----------

To assess the role of genetic factors for disease, genomic DNA was prepared from the peripheral blood of 4,201 subjects. The most robust AMD-associated variants, A69S (rs10490924) on *ARMS2*[@b19] and Y402H (rs1061170) and I62V (rs800292) on *CFH*[@b7][@b20], were genotyped using TaqMan single nucleotide polymorphism assay with the PRISM 7700 system (Applied Biosystems, Inc., Foster City, CA, USA) and Human610-Quad BeadChips and HumanOmni2.5 BeadChips (Illumina, Inc., San Diego, CA, USA).

Statistical Analysis
--------------------

Descriptive statistics are presented, and estimates of center and dispersion are described as mean and standard deviation (SD). To compare demographic characteristics, analysis of variance (ANOVA) or the χ^2^ test were used.

For multivariate analysis, independent factors associated with drusen were determined using logistic regression. At first, univariate analyses were conducted to screen independent variables for a potential association with drusen. Since correlated variables should not be entered together in the same multivariable model, collinear variables were excluded from the analyses; for example, the variable for immunoglobulin A (IgA) antibodies for *Chlamydia pneumoniae* was excluded in lieu of the immunoglobulin G (IgG) antibodies for *C. pneumoniae*. Variables with *P* \< 0.25 in the univariate analysis were entered in the multivariable analysis along with other predictors previously reported as being significantly associated with AMD (e.g., blood pressure[@b10], body mass index \[BMI\][@b11], high-density lipoprotein \[HDL\] cholesterol[@b12], high-sensitivity C-reactive protein \[hs-CRP\][@b13], smoking status, and the genetic factors). The final multivariate model was built through stepwise selection using a backward-elimination approach. Software R (<http://www.r-project.org/>) was used for statistical analyses. *P* values \< 0.05 were considered statistically significant.
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![The relative strength of the significant factors for large drusen that showed a significant association in the final multivariate analysis.\
Serum calcium level had the strongest effect on the development of large drusen; the other factors were *ARMS2* A69S (rs10490924) genotype, *Chlamydia* *pneumoniae* IgG, and age. High-density lipoprotein (HDL) cholesterol, α1-antitrypsin, and high-sensitivity C-reactive protein (hs-CRP) had limited effect on disease development with odds ratio between 1.000 and 1.001. A diamond represents the point estimate of odds ratio for each factor with a horizontal line of the 95% confidence interval (CI).](srep09345-f1){#f1}

###### Predominant Characteristics of the Study Subjects

                                                Large drusen       Control      *P*-value
  -------------------------------------------- --------------- --------------- -----------
  N                                                  971            3209             
  Age, y                                         65.1 ± 5.9      61.7 ± 6.5     \< 0.001
  Sex, n (%)                                                                         
  Male                                           357 (36.8)      1121 (34.9)      0.295
  Female                                         614 (63.2)      2088 (65.1)         
  Smoking, n (%)                                                                     
  Never                                          646 (66.5)      2127 (66.3)      0.856
  Past                                           201 (20.7)      687 (21.4)          
  Current                                        124 (12.8)      395 (12.3)          
  Brinkman index[\*](#t1-fn1){ref-type="fn"}    187.2 ± 360.7   173.2 ± 343.8     0.272
  *ARMS2* A69S, n (%)                                                                
  GG                                             239 (35.0)      1065 (43.5)    \< 0.001
  GT                                             334 (49.0)      1102 (45.0)         
  TT                                             109 (16.0)      284 (11.6)          
  *CFH* Y402H, n (%)                                                                 
  CC                                             591 (87.2)      2122 (86.8)      0.908
  CT                                              81 (11.9)      315 (12.9)          
  TT                                               6 (0.9)         8 (0.3)           
  *CFH* I62V, n (%)                                                                  
  GG                                             241 (35.3)      927 (37.8)       0.147
  GA                                             328 (48.1)      1163 (47.5)         
  AA                                             113 (16.6)      361 (14.7)          

\*The Brinkman index was calculated as daily number of cigarettes × years smoking.

###### Summary of the Multivariate Analyses for Large Drusen

                                           Beta       SE           OR (95%CI)          *P*-value
  -------------------------------------- --------- --------- ---------------------- ---------------
  Age                                      0.013     0.001    1.013 (1.011--1.015)     \< 0.001
  *ARMS2* A69S genotype                    0.045     0.011    1.046 (1.025--1.069)     \< 0.001
  Calcium                                 −0.070     0.021    0.932 (0.894--0.972)   1.05 × 10^−3^
  HDL cholesterol                          0.001    \<0.001   1.001 (1.000--1.002)   2.07 × 10^−3^
  α1-Antitrypsin                           0.001    \<0.001   1.001 (1.000--1.002)      0.0268
  Hs-CRP                                  \<0.001   \<0.001   1.000 (1.000--1.000)      0.0369
  *Chlamydia pneumoniae* antibody, IgG     0.020     0.010    1.020 (1.001--1.040)      0.0440
  *CFH* I62V genotype                      0.017     0.010    1.017 (0.997--1.039)       0.100
  Weed pollens allergy specific IgE       −0.016     0.010    0.984 (0.964--1.004)       0.113

SE, standard error; OR, odds ratio; HDL, high-density lipoprotein; Hs-CRP, high-sensitivity C-reactive protein; IgG, immunoglobulin G; IgE, immunoglobulin E.

###### Status of the Serum Calcium Level and Chlamydia *Pneumoniae* infection in the Study Group

                                 Large drusen     Control      P-value
  ----------------------------- -------------- -------------- ---------
  N                                  971            3209           
  Serum calcium level (mg/dL)                                      
  \<8.6 (Hypocalcemia)            70 (7.2%)      177 (5.5%)     0.049
  8.6--10.3 (Normal)             900 (92.8%)    3028 (94.4%)   0.0702
  \>10.3 (Hypercalcemia)           0 (0.0%)       4 (0.1%)      0.271
  C. Pneumoniae IgG                                                
  \>1.1 (Positive infection)     548 (56.4%)    1659 (51.7%)   0.00956
  0.9--1.1 (Equivocal)           109 (11.2%)    360 (11.2%)     0.995
  \<0.9 (Negative infection)     314 (32.4%)    1190 (37.1%)   0.00694
